Background: Serum uric acid concentrations have been associated with mortality in patients receiving hemodialysis. Treatment options are sometimes limited because of the accumulation of a drug and/or its metabolites. The aim of the present study is to investigate the efficacy, safety, and plasma levels of topiroxostat, a selective xanthine oxidase inhibitor, and its metabolites in patients receiving hemodialysis. Methods: This was a 52-week open study. The plasma concentrations of topiroxostat and its metabolites were measured. The endpoints selected were effects on serum uric acid concentrations and the safety and tolerability of topiroxostat. A statistical analysis was performed using a paired t test with Bonferroni corrections. Results: Nineteen participants were followed for 52 weeks without significant adverse effects. Serum uric acid concentrations decreased from 527 ± 49 to 325 ± 62, 297 ± 99, 297 ± 68, and 296 ± 83 μmol/L (weeks 4, 12, 26, and 52; p < 0.001, respectively). The dosage of topiroxostat was 20 mg twice per day in all patients. The clearances of topiroxostat and its metabolites by a dialyzer by use of an arterio-venous method were 55.9 ± 31.1 mL/min (topiroxostat), 143.9 ± 37.0 mL/min (N-oxide), 179.0 ± 41.1 mL/min (N 1 -glucuronide), and 192.9 ± 37.0 mL/min (N 2 -glucuronide). Plasma concentrations of topiroxostat did not increase during the 52-week study period. The concentrations of the metabolites of topiroxostat (N 1 -glucuronide and N 2 -glucuronide) slightly increased at the 0-h point on week 4 and remained at similar levels for 52 weeks. Conclusions: Topiroxostat effectively reduced serum uric acid concentrations in patients receiving hemodialysis. Topiroxostat and its metabolites were partly cleared during hemodialysis and were sufficiently low to allow for the continued administration of the drug for 52 weeks.
Background
Epidemiological studies have suggested that increased serum uric acid levels are a risk factor for cardiovascular mortality. All-cause mortality in 5 years was previously reported to be significantly higher in hyperuricemic than in normouricemic men and women [1] . Hyperuricemia has been strongly associated with the relative risks of death from all causes, coronary heart disease, stroke, hepatic disease, and renal failure, and serum uric acid may be a significant risk factor for reduced life expectancy in 49,413 Japanese male workers [2] . Although uric acid has been identified as a strong risk factor for myocardial infarction, stroke, and chronic kidney disease progression [3] , other studies have not reported a significant relationship between uric acid concentrations and mortality [4] . High serum uric acid concentrations appear to be associated with mortality in patients with renal disease receiving hemodialysis [5] . On the other hand, higher uric acid concentrations have been associated with a lower risk of all-cause and cardiovascular mortalities in the hemodialysis population when six countries affiliated with the Dialysis Outcomes and Practice Patterns Study (DOPPS) were analyzed [6] . Therefore, the extent to which serum uric acid is associated with mortality in patients with chronic kidney disease receiving hemodialysis remains controversial.
Intervention studies have suggested beneficial effects of allopurinol on cardiovascular events in patients receiving hemodialysis [7] . Febuxostat has also been shown to improve endothelial dysfunction and reduce serum uric acid concentrations and oxidative stress in hyperuricemic patients receiving hemodialysis [8] . A recent study suggested that the administration of topiroxostat, a xanthine oxidase inhibitor, at a dose of 160 mg effectively reduced serum uric acid concentrations in hyperuricemic stage 3 chronic kidney disease patients with or without gout [9] . Most of these intervention studies have suggested the benefit of lowering uric acid concentrations. However, the effects of topiroxostat on dialysis patients have not yet been examined in detail.
The excessive accumulation of the active form and metabolites of a drug may eventually induce serious adverse effects, particularly in patients with end-stage renal failure. A recent study proposed the extra-renal pathway of uric acid [10] . In addition, the levels of the uric acid transporter ABCG2 (ATP-binding cassette subfamily G member 2) were found to be increased in the intestine of a 5/6 nephrectomy rat model of chronic kidney disease [11] . Uric acid metabolism may also be affected by end-stage renal failure.
Topiroxostat is inactivated through the liver and is almost cleared from blood even in patients with moderate renal dysfunction [12] . The metabolites of topiroxostat are excreted into feces and urine. The main metabolites of topiroxostat, N-oxide, N 1 -gluculonide, and N 2 -gluculonide, are excreted into urine about 4.8, 43.3, and 16.1 % of the dose, respectively [13] . Therefore, the concentrations of these metabolites could increase in patients with severe renal dysfunction. The metabolites of topiroxostat have a negligible low activity (N-oxide, 1/ 188; N 1 -gluculonide and N 2 -gluculonide, less than 1/ 1449 compared with topiroxostat); however, the effects of these metabolites on patients with unexpectedly high concentration are not known. There are no reports concerning the safety, the concentration of topiroxostat and its metabolites, and its clearance during hemodialysis in patients receiving hemodialysis.
The aim of the present study is to investigate the efficacy and safety of topiroxostat in patients receiving hemodialysis for 52 weeks.
Methods
The protocol and informed consent form were approved by the Review Board of Tomei Atsugi Hospital (approved on October 3, 2013, and June 10, 2016) . This study complied with the Declaration of Helsinki and the Ethical Guidelines for Clinical Studies by the Ministry of Health, Labour and Welfare, Japan. Participants were all recruited from Tomei Atsugi Hospital and Aikawa Clinic in Kanagawa, Japan, between November 2013 and July 2016. Twenty patients older than 20 years old were enrolled in this study after providing written informed consent. An explanation of the present study included the study hypothesis, benefits of this study, and the risks of adverse effects associated with topiroxostat such as gouty arthritis, liver dysfunction, and skin rash.
Study design
Participants were followed up for 52 weeks. The endpoints analyzed were as follows: (1) change from the baseline serum uric acid concentration, the achievement rate of the target serum uric acid concentration (≤357 μmol/L) according to the guidelines of the Japanese Society of Gout and Nucleic Acid Metabolism; (2) the safety and tolerability of topiroxostat; (3) plasma concentrations of topiroxostat and its metabolites following the administration of topiroxostat; (4) clearances of topiroxostat and its metabolites by a dialyzer using an arterio-venous method; and (5) plasma concentrations of topiroxostat and its metabolites for 52 weeks.
Eligible patients were those whose serum uric acid concentration was more than 476 μmol/L at least 8 weeks before the study, receiving steady hemodialysis over 5 months. None of the participants had been treated with uric acid-lowering drugs at least 12 weeks before the initiation of the study. The exclusion criteria were hyperuricemia possibly secondary to a malignant tumor and genetic diseases, hypothyroidism, polycystic kidney disease, hepatic dysfunction (AST or ALT over 100 IU/L), cancer, pregnancy, breastfeeding, serious hepatic disease, serious heart disease, allergy to topiroxostat, and any other significant medical conditions.
Chronic hemodialysis patients with a serum uric acid concentration of more than 476 μmol/L were treated with topiroxostat for 52 weeks. Topiroxostat was orally administered at 20 mg twice per day at the start of the study, followed by a stepwise increase to a maximal dose of 60 mg twice per day according to the clinical condition of each patient. Drugs other than topiroxostat that may influence the serum concentration of uric acid were discontinued during the study. Serum biochemical tests were performed once a month during the study. Patient samples were tested for blood urea nitrogen, creatinine, total protein, albumin, AST, ALT, alkaline phosphatase, total bilirubin, LDH, total cholesterol, triglycerides, HDL cholesterol, and LDL cholesterol.
Topiroxostat was prescribed in the morning and late evening. Patients who received dialysis in a morning session were administered the morning dose of the drug at the time of dialysis. Patients who received dialysis in an afternoon session were administered the morning dose of the drug early in the morning and at dialysis. This means the concentrations of topiroxostat and its metabolites were measured 8-10 h after the administration of topiroxostat. Since the molecular weights of topiroxostat and its metabolites are 248.24 (topiroxostat), 264.24 (N-oxide), and 424.37 (N 1 -gluculonide and N 2 -gluculonide), their plasma concentrations were almost negligible 8-10 h after the single-dose administration of topiroxostat in patients with renal impairments (inulin clearance over 30 mL/min/1.73 m 2 ) [12] . The plasma concentrations of topiroxostat (active form) and its metabolites, N-oxide, N 1 -gluculonide, and N 2 -gluculonide, were measured at the beginning of hemodialysis and in some cases during hemodialysis. The plasma concentrations of topiroxostat and its metabolites were also measured at the time of dialysis on weeks 4, 12, 26, and 52 in order to assess the possibility of their accumulation during the long-term prescription of the drug.
The clearances of topiroxostat and its metabolites were calculated by sampling of plasma from the arterial and venous side of the dialyzer at 10 min after starting dialysis (arterio-venous method). Ultrafiltration rate was zero during this period for the simplification of chemical kinetics.
Three types of dialyzers were used: type III (clearance of β2-microglobulin 30-50 mL/min), type IV (clearance of β2-microglobulin 50-70 mL/min), and type V (clearance of β2-microglobulin more than 70 mL/min) in 5, 9, and 6 patients, respectively.
The plasma concentrations of topiroxostat and its metabolites, N-oxide, N 1 -gluculonide, and N 2 -gluculonide, were measured using the LC-MS/MS method. Plasma samples were deproteinized by the addition of methanol and an internal standard, mixed, and centrifuged. The resulting supernatant was injected into a LC-MS/MS system with an ESI probe and analyzed by multiple reaction monitoring (MRM) in the negative ion mode. Separation was performed through a Mightysil RP-18 GP column (150 × 2.0 mm, 5 μm) with the mobile phase of 10 mmol/L ammonium acetate and methanol (50/50) for topiroxostat and N-oxide and 0.1 % formic acid and methanol (65/35) for N 1 -gluculonide and N 2 -gluculonide. The standard curves were linear from 0.00403 to 0.403 μmol/L for topiroxostat, from 0.00378 to 0.757 μmol/L for N-oxide, and from 0.00403 to 4.03 μmol/L for N 1 -gluculonide and N 2 -gluculonide. The lower limit of quantification was 0.00403 μmol/L (1.00 ng/mL) for topiroxostat, 0.00378 μmol/L (1.00 ng/mL) for N-oxide, and 0.00403 μmol/L (1.00 ng eq/mL) for N 1 -glucuronide and N 2 -glucuronide.
Samples for the assay of the concentrations of the drug and its metabolites were delivered to the researcher without notification of the name of patients or sampling periods.
Statistical analysis
Statistical analyses were performed using a paired t test with Bonferroni corrections, and a p value less than 0.05 was considered significant. Data were expressed as the mean ± SD.
Results

Patient profiles
Baseline characteristics and laboratory parameters are listed in Table 1 . Twenty participants were enrolled in this study.
Safety and tolerability
One case dropped out at week 12 due to perforation of the colon diverticulum. Nineteen participants were followed up for 52 weeks. Biochemical test results at the baseline and during the follow-up are shown in Table 2 . Serum uric acid concentrations decreased from 527 ± 49 to 325 ± 62 μmol/L (week 4; p < 0.001), 297 ± 99 μmol/L (week 12; p < 0.001), 297 ± 68 μmol/L (week 26; p < 0.001), and 296 ± 83 μmol/L (week 52; p < 0.001) (Fig. 1) . The percentage of patients with serum uric acid concentrations ≤357 μmol/L reached 80.0, 78.9, 84.2, and 78.9 % (weeks 4, 12, 26, and 52, respectively). The dosage of topiroxostat was 20 mg twice per day in all patients. No significant differences were observed in the values obtained in liver function tests or lipid function tests during the entire study period (Table 2) .
Plasma concentrations of topiroxostat and its metabolites during hemodialysis at the first and week 4 administration of topiroxostat
The plasma concentrations of topiroxostat were 0.384 ± 0.348 μmol/L (1 h), 0.644 ± 0.374 μmol/L (2 h), 0.435 ± 0.333 μmol/L (3 h), and 0.278 ± 0.265 μmol/L (4 h) with its first administration (n = 7) (Fig. 2a) . After 4 weeks, the plasma concentrations of topiroxostat were 0.086 ± 0.061 μmol/L (0 h), 0.164 ± 0.093 μmol/L (1 h), 0.460 ± 0.316 μmol/L (2 h), 0.604 ± 0.530 μmol/ L (3 h), and 0.367 ± 0.340 μmol/L (4 h) (Fig. 2b) . The plasma concentration at week 4 on the 0-h time point was not significantly different from that of the 4-h time point with the first administration (p > 0.10). This suggests that the active form of topiroxostat did not accumulate during the 4-week administration in patients receiving hemodialysis. The concentration of the two metabolites increased after repetitive administration of the drug for 4 weeks when compared with the concentration of 4 h after the first administration of topiroxostat (N 1 -glucuronide from 0.57 ± 0.08 to 4.18 ± 1.96 μmol/L, p < 0.005; N 2 -glucuronide from 0.27 ± 0.07 to 1.12 ± 0.41 μmol/L, p < 0.001). These results suggest the accumulation of the two metabolites after the administration of the drug for 4 weeks in patients receiving hemodialysis.
Clearances of topiroxostat and its metabolites by a dialyzer by use of an arterio-venous method
The molecular weight of topiroxostat is 248.24, and N-oxide is 264.24. However, the clearance was small in topiroxostat compared with N-oxide, possibly because plasma protein binding rates of topiroxostat are higher than those of N-oxide. The clearances of Noxide, N 1 -glucuronide, and N 2 -glucuronide were similar with those of BUN, creatinine, and serum uric acid (n = 6) ( Table 3) .
Long-term effects
The plasma concentration of topiroxostat was 0.094 ± 0.086 μmol/L at week 4 before hemodialysis (n = 20). The concentration did not increase further during the study (0.152 ± 0.207 μmol/L at week 52, n = 19; p = 0.733) (Fig. 3) . Similarly, the plasma concentrations of the three metabolites of topiroxostat did not increase further during the study. 
, paired t test). Topiroxostat was administered at the starting time of dialysis
Xanthine oxidoreductase-inhibitory activities of topiroxostat and its metabolites in patients on week 52
The xanthine oxidoreductase-inhibitory activities of the metabolites of topiroxostat were 1/1449 and 1/188 that of topiroxostat. The estimated plasma concentrations of topiroxostat based on the relative activity of the plasma concentrations of its metabolites on week 52 were 0.0005 μmol/L (N-oxide), 0.002 μmol/L (N 1 -glucuronide), and 0.0005 μmol/L (N 2 -glucuronide) ( Table 4) . These biological activities in plasma were considered as negligibly low.
Discussion
Drug safety is typically monitored by chemical parameters, clinical signs, and symptoms. The pharmacokinetics of the metabolites of most drugs have not been investigated in patients receiving hemodialysis. However, drug accumulation may be inevitable in patients with end-stage renal failure. Even if the activities of the metabolites are low, their concentrations may be markedly increased after long periods of anuria. Precise investigations are needed in order to determine the possibility of the accumulation of the metabolites and to rule out adverse effects in patients receiving hemodialysis. We herein demonstrated that topiroxostat at a dose of 20 mg twice per day effectively and safely reduced serum uric acid concentrations in patients receiving hemodialysis. The dose of topiroxostat administered was 40 mg per day in all patients. Uric acid concentrations decreased from week 4 and remained low until week 52. Topiroxostat and its metabolites did not accumulate at concentrations high enough to cease its administration during the 52-week study period. The clearance of topiroxostat was slightly small compared with that of the other three metabolites probably because topiroxostat binds albumin in plasma. Even with clearing from a dialyzer, the plasma peak levels of topiroxostat are about 30 % lower when compared with the peak concentration of normal volunteers who were studied in fasting condition (0.926 ± 0.329 μmol/L: data from interview form). The difference between our results and the results of normal volunteers may be due to the removal of the drug by the dialyzer and the delay of drug absorption from the digestive tract in the condition of patients who have taken the drug after meals. This result suggests topiroxostat remains in substantial amounts during the 4-h hemodialysis and also does not accumulate after repeated administration in patients receiving hemodialysis. The clearances of N-oxide, N 1 -glucuronide, and N 2 -glucuronide were similar with those of BUN, creatinine, and serum uric acid. This could have protected against the accumulation of the metabolites to an unexpectedly high concentration in patients receiving hemodialysis.
Forty milligrams per day of topiroxostat may be sufficient to treat hyperuricemia in patients receiving dialysis, possibly because uric acid is removed from the body by hemodialysis in addition to the pharmacological effects of topiroxostat. Uric acid has been identified as a strong risk factor for myocardial infarction, stroke, and chronic kidney disease progression [3] ; however, other studies have not reported a significant relationship between uric acid levels and mortality [4] . Uric acid has been shown to have a function of both an antioxidant and pro-oxidant. Uric acid is a powerful scavenger of carbon-centered and peroxyl radicals in a hydrophilic environment but loses its ability to scavenge lipophilic radicals and cannot break radical chain propagation within lipid membranes. At the same time, peroxynitrous radicals are extremely diffusible through the membrane and the hydrophobic environment is also more favorable for tyrosine nitration. Thus, these physicochemical findings may explain why the antioxidant effects of uric acid only manifested in the hydrophilic environment of biological fluids, such as plasma. This may be a major limitation for the antioxidant function of uric acid. On the other hand, uric acid has a function as pro-oxidant [14, 15] . Reactions between uric acid and oxidants may also produce other radicals that have the ability to propagate radical chain reactions and oxidative damage to cells. A xanthine oxidase inhibitor may be beneficial for reducing uric acid and reactive oxygen species levels. Uric acid may be a marker of oxidants as the result of xanthine oxidases.
Allopurinol, febuxostat, and topiroxostat are the most frequently used drugs to treat hyperuricemic patients with renal dysfunction. Allopurinol is an analog of xanthine used in the treatment of hyperuricemia. This drug is absorbed well orally and is converted to oxipurinol, an analog of xanthine. Oxipurinol binds tightly to xanthine oxidase and inhibits this enzyme, thereby preventing the conversion of hypoxanthine and xanthine to uric acid. Oxipurinol is slowly cleared via the kidney, with a serum half-life of 14 to 26 h in patients with normal renal function. In patients with renal insufficiency, the renal clearance of the major metabolite of allopurinol, oxipurinol, was shown to be directly proportional to the renal clearance of creatinine [16] . The avoidance of treatments with allopurinol in patients with renal insufficiency has been recommended in order to prevent the life-threatening toxicity syndrome (StevensJohnson syndrome) of an erythematous, desquamative skin rash, fever, hepatitis, eosinophilia, and deteriorated renal function.
Febuxostat, a xanthine oxidase inhibitor, strongly binds to albumin in blood. It is mainly metabolized to its acyl-glucuronide metabolite and to its active oxidative metabolites 67M-1, 67M-2, and 67M-4 [17] . A oncedaily 80-mg dose of febuxostat appears to be safe and tolerated well in different renal function groups and does not appear to require any dose adjustments based on differences in renal function. However, regression analyses for 67M-2 and 67M-4 C max and for the AUC 24h of all three metabolites indicated a significant linear relationship with creatinine clearance. Plasma exposure to febuxostat and its metabolites was generally found to be higher in subjects with increasing degrees of renal impairment; therefore, dose adjustments are recommended in patients with severe renal dysfunction. Approximately 2.1-3.8 % of febuxostat and 46.7-49.7 % (glucuronide) and 9.7-12.7 % (oxidative metabolite; active form) of its metabolites are excreted into the urine within 24 h. Mean cumulative excretion was 94 % (49 % urine and 45 % feces) of the dose over 9 days [18] . These findings suggest that active metabolites may accumulate to a critical range, particularly in anuric patients with hemodialysis.
In patients receiving hemodialysis, allopurinol and febuxostat have both been reported to be safe and effectively reduce serum uric acid concentrations [7, 8] . However, the risk of adverse effects due to the accumulation of their active forms and metabolites in patients receiving hemodialysis cannot be excluded yet.
One case (81-year-old male) dropped out of our study due to perforation of the colon diverticulum. He had multiple diverticula in the colon and had been taking prednisolone at 7.5 mg per day for 3 years to treat interstitial pneumonia. Perforated colonic diverticular disease results in high mortality and morbidity. Colonic diverticular disease is rare in developing countries but is common in Western and industrialized societies. Its prevalence has been reported to increase with age, ranging from~5 % in adults <40 years of age to 65 % among those 80 years of age. In Japan, diverticulum of the colon was detected by plain CT in 57 (41.6 %) out of 137 consecutive chronic kidney disease patients (stage 4 Topiroxostat is presumed to be easily dissolved in an acidic milieu such as the stomach based on its physicochemical properties. It is very unlikely to remain in its pill form in the colon. We considered it very unlikely that topiroxostat was the cause of colon perforation in our patient. The causes of perforated colonic diverticular disease remain largely unknown. Further etiological studies are required in order to determine whether cause-effect relationships exist for drug and dietary exposures. There were several limitations to the present study. It was not designed in a double-blinded fashion, and the participant number was small. Furthermore, our results did not show any benefits concerning mortality because it was only conducted for 52 weeks. However, the safety and effectiveness of topiroxostat have enabled us to investigate the effects of lowering serum uric acid concentrations on mortality in patients receiving hemodialysis for a long period of time in the future. Because this is the first report that measured the concentrations of topiroxostat and its metabolites in patients receiving hemodialysis with collaboration of a pharmaceutical company, these findings need to be further investigated in other studies.
Conclusions
We herein demonstrated that topiroxostat effectively and safely reduced serum uric acid concentrations in patients receiving hemodialysis. Topiroxostat and its metabolites were partly cleared during hemodialysis and were sufficiently low to allow for the continued administration of the drug for 52 weeks. 
